Chlorpyrifos (CPF) is an extensively used organophosphorus pesticide that has recently come under increasing scrutiny due to environmental health concerns particularly its association with neurodevelopmental defects. While the insecticidal actions and acute toxicity of CPF are attributed to its oxon metabolite (CPO) which potently inhibits the cholinergic enzyme acetylcholinesterase (AChE), there is significant evidence that CPF, CPO, and other organophosphates may affect a variety of neuronal targets and processes that are not directly related to AChE. Previously, in adult rat sciatic nerves ex vivo and postnatal neurons from rats in vitro we observed that CPF and CPO impaired the movements of vesicles and mitochondria in axons. Here, in embryonic neurons from rats in culture, we evaluated 24 h exposures to CPF and CPO across picomolar to micromolar concentrations for effects on fast axonal transport of membrane bound organelles (MBOs) that contained the amyloid precursor protein (APP) tagged with the fluorescent marker, Dendra2 (APPDendra2). The most notable observations of this study were concentration-dependent decreases in the velocity and percentage of MBOs moving in the anterograde direction, an increase in the number of stationary MBOs, and an increased frequency of pauses associated with both CPF and CPO. These effects occurred at concentrations that did not significantly inhibit AChE activity, they were not blocked by cholinergic receptor antagonists, and they were not associated with compromised cell viability. These effects of CPF and CPO may be significant given the importance of axonal transport to neuronal development as well the function of fully developed neurons.
Introduction
Chlorpyrifos (O,O-diethyl O-[3,5,6 , Àtrichloro-2-pyridyl] phosphorothionate) (CPF) is an organophosphorus pesticide used extensively worldwide especially in agricultural settings (see Solomon et al., 2014; Dow AgroSciences, 2017) . It has a broad spectrum of insecticidal activity and other advantages such as a relatively short persistence in the environment after application and chemical characteristics that provide flexibility for use in multiple delivery systems (see Solomon et al., 2014; Dow AgroSciences, 2017) . The insecticidal actions of CPF are attributed to its CPF oxon (CPO) metabolite which potently and irreversibly inhibits the enzyme acetylcholinesterase (AChE) leading to marked elevations of synaptic acetylcholine (Amitai et al., 1998; Ecobichon, 2001) . While the oxidative desulfuration enzymes responsible for the conversion of phosphorothioates like CPF to their oxon metabolites are widely expressed in both insects and non-target organisms such as mammals and birds (Satoh and Gupta, 2010) , the acute toxicity of CPF in mammals is considered "moderate" when compared to many other organophosphates (OPs). Despite this advantage, a variety of health concerns have arisen in the last several years over environmental exposures to CPF at levels below those associated with acute toxicity, most notably adverse neurodevelopmental effects in humans.
The potential of CPF to produce neurodevelopmental effects at relatively low doses is supported by human epidemiological data, prospective animal studies, and in vitro data. For example, epidemiologic studies have made associations between CPF in the maternal and/or umbilical cord blood (at concentrations as low as picogram/g) and deleterious effects in the offspring including impairments of attention, intelligence quotient (IQ), and working memory (Rauh et al., 2006 Eskenazi et al., 2007; Horton et al., 2012) , abnormal motor development (Young et al., 2005; Engel et al., 2007; Zhang et al., 2014) , and malformations of the cortex . Likewise, prenatal exposures to CPF in rodents at doses that were not acutely toxic to the mother, have been shown to result in impairments of spatial reference and/or working memory (e.g., Icenogle et al., 2004; Billauer-Haimovitch et al., 2009; Mamczarz et al., 2016) , alterations in locomotor activity (e.g., Levin et al., 2002; Ricceri et al., 2003) and morphological alterations of the hippocampus and prefrontal cortex (Chen et al., 2012) . In PC12 cells in culture, 24 h of exposure to CPF at a concentration 10-fold below the concentration that inhibited AChE activity (3.0 m M) impaired neurite outgrowth while CPO inhibited neurite outgrowth at 1.0 nM, a concentration that was close to the threshold for AChE inhibition in the same study (Das and Barone, 1999) . In embryonic rat sympathetic neurons in culture, exposure to CPF or CPO for 24 h to concentrations well below those that inhibited AChE activity (nM and pM, respectively) decreased axonal outgrowth (Howard et al., 2005) .
It is important to note, however, that some of the deleterious effects of CPF noted above, especially, the neurodevelopmental effects in humans are controversial (see Eaton et al., 2008; Li et al., 2012) . In 2016, the United States Environmental Protection Agency (US EPA) proposed to revoke all tolerances for CPF (US EPA, 2016), based on concerns over neurodevelopmental effects in humans, an action that would have effectively removed CPF from the US agricultural market. This proposal was opposed by the USDA (see Kunickis, 2017 ) and moreover, it was not supported by an advisory board to the EPA which stated concerns over uncertainties in the available data particularly in establishing causal connections between such low levels of CPF and adverse neurodevelopmental effects in humans (EPA, 2016) . In 2017, the EPA reversed its proposal to revoke all tolerances to CPF, stating that the science addressing neurodevelopmental effects of CPF remains unresolved (EPA, 2017) .
Despite the controversies described above, several of the in vitro studies suggest that targets other than AChE may also be important to the toxicology of both CPF and CPO. These studies are complemented by experiments of OPs across a variety of model systems which suggest that deleterious effects unrelated (or potentially additive) to AChE inhibition may include oxidative stress, impairments of mitochondrial function, neuroinflammation, and altered neurotrophin responses, etc. (Soltaninejad and Abdollahi, 2009; Banks and Lein, 2012; Terry et al., 2012) . For several years our laboratory has been investigating the effects of OPs on fast axonal transport, a process that is essential to neuronal development as well as the maintenance and function of fully developed neurons (reviewed, Maday et al., 2014) . Our early studies indicated that both anterograde and retrograde transport of vesicles in the sciatic nerves (ex vivo) was impaired in rats repeatedly exposed to doses of CPF that were below the threshold for acute toxicity. Moreover, the deficits in axonal transport were detected for up to 14 days after the last CPF injection indicating that the impairments were persistent (Terry et al., 2003 . In a series of subsequent experiments in primary neuronal cultures from postnatal rats, we also observed morphological changes and impairments in the movement of mitochondria in axons associated with both CPF and CPO. Importantly, the changes in axonal transport of mitochondria occurred at concentrations of CPF and CPO that did not inhibit AChE activity (Middlemore-Risher et al., 2011) . More recently, using manganese-enhanced magnetic resonance imaging (MEMRI) we observed that repeated exposures to doses of CPF that were below the threshold for acute toxicity led to prolonged impairments of axonal transport in the brains of living rats (Hernandez et al., 2015) .
We have also recently developed a time-lapse imaging technique in embryonic rat cortical neurons for evaluating fast axonal transport of membrane bound organelles (MBOs) that contained the amyloid precursor protein (APP) tagged with the fluorescent marker, Dendra2 (APPDendra2). Using this technique, we evaluated the OP-nerve agent, diisopropylfluorophosphate (DFP) across a wide range of concentrations and observed DFPrelated deficits in axonal transport associated with concentrations as low as 100 picomolar. Given the aforementioned controversies related to neurodevelopmental effects of CPF, the purpose of the experiments described here was 1) to evaluate CPF and CPO for effects on fast axonal transport using this embryonic culture model, and 2) to determine if an insecticide OP with very a different chemical structure from DFP (i.e., a phosphorothioate and its oxon metabolite versus an alkylphosphate nerve agent), might have similar effects that are not directly related to AChE inhibition.
Materials and methods
The methods used in this study were recently developed in our laboratory for measuring the trafficking of MBOs containing a transfected fluorophore-tagged amyloid precursor protein (APP) cDNA construct (Gao et al., 2016) in rat embryonic (cortical) neurons. The procedure is a modification of a previous method that was originally developed for rat spinal cord motor neurons (Magrané et al., 2012) .
Chemicals
CPF (CAS number 2921-88-2) and CPO (CAS Number 5598-15-2) were obtained from ChemService, West Chester, PA (USA). CPF was dissolved in 0.5% dimethyl sulfoxide and used immediately. CPO was dissolved in methanol (80 mM) and stored at À80 C until needed.
Final toxin concentrations were prepared at 100-fold higher concentrations diluted from dimethyl sulfoxide (DMSO) and methanol stocks in Neurobasal media and the final concentrations of DMSO and methanol that were used in the cell cultures (for vehicle and OP exposures) were 0.01%. Atropine (ATR) and mecamylamine (MEC) were obtained from Sigma-Aldrich (St. Louis, MO, USA), stored as recommended by the source vendor and stock solutions were prepared in deionized water. ATR and MEC were prepared to use at 50.0 and 10.0 mM, respectively. All stock solutions were prepared at 100-fold higher concentrations in deionized water ( 5 (v/v) %, pH 7.0) within 15 min of the start of each 24-h exposure period.
Embryonic cortical cultures
The cerebral cortices from E17-18 Sprague-Dawley rat embryos were extracted and cultured as described previously (Gao et al., 2014 (Gao et al., , 2016 under aseptic conditions. Timed pregnant rats were purchased from Harlan Sprague-Dawley, Inc. Indianapolis, IN and housed and maintained on a 12-h light/dark cycle in a temperature-controlled room (25 C) with free access to food and water for at least 3 days prior to initiating cultures. All procedures used during this study were reviewed and approved by the Augusta University Institutional Animal Care and Use Committee and are consistent with the Association for Assessment and Accreditation of Laboratory Animal guidelines. Appropriate measures were taken to minimize pain or discomfort in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals (National Research Council (U.S.) Committee for the Update of the Guide for the Care and Use of Laboratory Animals, 2011). Briefly, cortices were extracted and trypsinized (Trypsin-EDTA #25200, ThermoFisher Scientific Inc. Rockford, IL), then dissociated cellular material was seeded at a density of 5 Â 10 5 cell/ mL media onto poly-L-lysine (Sigma-Aldrich, St. Louis, MO) coated glass coverslips (25 mm) and 96-well plate (MTT cell proliferation assays). For AChE activity assays, cells were seeded at a density 1.1 Â10 6 cell/mL media on 10 cm petri dishes. Cultures were maintained at 37 C in a 5.0% CO 2 humidified atmosphere in Neurobasal TM (#21103) supplemented with B27 (2.0 (v/v) %; #17504), Glutamax TM (0.5 M, #35050) and Penicillin-Streptomycin (100 U/mL; #15140-122). All culture media materials were purchased from ThermoFisher Scientific Inc. Rockford, IL.
Cell transfection and treatments
All culture transfections were conducted at 37 C after 5-7 days in vitro (DIV) with APPDendra2-cDNA (Magrané et al., 2012) 
Live imaging and measurements of axonal transport
Transfected cells were located in primary cortical cultures using a Zeiss 780 LSM Inverted Confocal microscope connected digital microscope camera (AxioCam). Axons successfully transfected with APPDendra2 were identified by their fluorescence and morphological features (i.e., long neurites, constant thin diameter, no branching, perpendicular emergence from the cell body). Throughout the duration of the imaging session, cultures were maintained at 37 C under 5% CO 2 conditions within an environmental (i.e., heat and mixed gas controller) chamber. Once the APPDendra2 transfected neurons were localized (under 63Â magnification, 1.42 numerical aperture), axons were video recorded for 3 min and frames were captured at a rate of one frame every 2 s for a total of 90 frames (Zen, Carl Zeiss) to track the movements of dynamic particles and identify stationary particles. Using NIH ImageJ (http://rsb.info.nih.gov/ij/) with input/output and kymograph plug-ins, images were directly imported into ImagJ. Briefly, kymographs (a graphic representation of a sample's position vs time) were generated to analyze the nature of APPDendra2 particle transport and directionality (i.e., anterograde, retrograde or stationary). Particle transport in the anterograde direction was identified by its movement away from the cell body and transport in the retrograde direction was identified by its movement towards the cell body. The distance traveled by each particle was measured in micrometers (mm) in linear segments of the axon. Individual particle velocities were measured in mm/s during periods of sustained dynamic movement (i.e. !5 consecutive frames) and were calculated from the slope of a linear approximation of the trajectory. Stationary particles were identified by the absence of all movement throughout the 3 min video while pauses were defined as MBOs that were stationary for >5 consecutive frames, but not stationary for the entire recording. Additional measurements/calculations included the percentage of all particles that moved in the anterograde or retrograde direction or remained stationary, the number of APP-labeled MBOs/mm, the percentage of all particles that changed directions (reversals), the number of pauses per min of the video recording (Pause Frequencies) and the duration of the pauses (Pause Duration). Fig. 1 provides an example of an APPDendra2 transfected neuron, a representative kymograph, and a series of video frames indicating movements of individual MBOs in the anterograde or retrograde direction.
Mecamylamine and atropine co-incubation experiments
The method described above for assessing axonal transport was also used to determine the effects of co-incubation of CPF and CPO with the muscarinic antagonist atropine or the nicotinic antagonist mecamylamine. Specifically, cortical neurons were co-incubated (for 24 h) with either atropine (50 m M) or mecamylamine (10 m M) and a representative concentration of CPF and CPO shown to impair axonal transport (100 nM, 1.0 nM, respectively) in the first set of experiments (see Results below). The representative concentrations of atropine and mecamylamine were based on previous in vitro studies (Middlemore-Risher et al., 2011; Gao et al., 2016) .
Evaluation of cultured cell viability and toxicity
The concentration-dependent effects of CPF or CPO on cell viability (total number of viable cells) were assessed using a 96-well plate format Vybrant 
Immunocytochemistry
Cultures (on 25 mm coverslips) were also processed to evaluate gross changes in neuronal morphology and cytoskeletal structure following 24 h exposure to CPF (10 m M) or CPO (1.0 m M) compared to vehicle-treated controls (DIV 7). Immediately following CPF or CPO treatment, coverslips were washed 3 times inphosphatebuffered saline (PBS) sequentially decreasing in temperature from 37 C to 4 C, gradually fixed for 30 min in formalin (Thermo Fisher Scientific, Waltham, MA) (from 2.5 (v/v)% to 5 (v/v)% then a final 10 (v/v)%) and thoroughly washed with PBS. Briefly, coverslips were blocked in goat (MAP2A/2B) or donkey (DCX) serum-based blocking buffer, in percentage (v/v): 10 serum, 1.0 bovine serum albumin, 0.1 Triton X-100, 0.1 cold fish gelatin, and 0.05 Tween-20 for 30 min at room temperature then incubated in anti-MAP2A/2 B (1:500) or DCX (1:400) overnight at 4 C. Following primary antibody incubation, coverslips were washed 3 times in PBS before incubation in goat anti-mouse (MAP2A/2B) or donkey anti-rabbit (DCX) (Jackson Immuno-Research, West Grove, PA) secondary antibody for 30 min. Next, avidn-biotin amplification was employed, followed by incubation with streptavidin-conjugated AlexaFluor594 (Life Technologies/Molecular Probes, Eugene, OR). Coverslips were incubated for 2 h at 25 C in Acti-stain TM 488
(Cytoskeleton, Denver, CO), a fluorophore-conjugated phalloidin, to assess cytoskeletal structure. All coverslips were mounted in DAPI-mounting media (Vectashield, Vector Laboratories, Burlingame, CA) to counterstain nuclei. Using confocal microscopy, all fluorescent staining was localized and identified under low magnification (< 40X) followed by image acquisition at 63Â magnification (Zeiss 780 upright, Zeiss, Thornwood, NY). All images were captured as black and white digital images with pseudo-coloring added automatically by the Zen imaging software.
Image processing (i.e. conversion between formats, background noise reduction, etc.) was completed using ZEN (Zeiss), GIMP (http://gimp.org) 2.8, Adobe Photoshop and NIH ImageJ. All fluorescent images are presented as a z-projection from a 5-image z-stack. Phase Contrast images are presented as a single plane where neurites were in proper focus.
Preparation of cell lysates for AChE activity assays
Following transfections and/or chemical exposures, cultures were washed with PBS, transferred to a microtube after scraping from culture dishes into PBS (pH 8.0) containing Triton X-100 (final concentration = 1.0 (v/v) %) (PBS-TX100) and stored at À80 C. Samples were solubilized in PBS-TX100 at 4
C for 2 h with constant agitation. To remove cellular debris, samples were centrifuged at 13,400 x g for 1 min at 4 C to clarify samples and collect the supernatant. Total protein for each supernatant collected was measured using detergent-compatible protein assay (Pierce Micro BCA TM Protein Assay Kit, ThermoFisher Scientific Inc. Rockford, IL)
according to manufacturer's instructions.
Measurement of acetylcholinesterase activity
Cell lysates (yielding a minimum of 8.0 ug/uL total protein) were assayed in duplicate to measure acetylcholinesterase (AChE) activity in samples after exposure to CPF or CPO. Effects of the OPs on purified eel AChE (CAS # 9000-81-1, Sigma-Aldrich, St. Louis, MO, USA), were also evaluated for comparison. AChE activity was assessed using the Ellman method with modifications to accommodate a 96-well microplate format at 25 C (Middlemore- Risher et al., 2011 , Gao et al., 2016 . The specific concentrations utilized for each chemical (Sigma-Aldrich, St. Louis, MO) in the reaction mixture (prepared in 1.0 mM sodium phosphate buffer (pH 7.0 AE 0.05) were as follows (in mM): 0.48 acetylthiocholine, 0.070 tetraisopropyl pyrophosphoramide (iso-OMPA, a butyrylcholinesterase inhibitor) and 0.52 mM 5,5 0 -dithiobis(2-nitrobenzoic acid). The formation of reaction product was monitored by measuring absorbance values at 412 nm every 2 min for 16 min (Mx synergy Microplate Spectrophotometer, BioTek Instruments Inc., Winooski, VT, USA). The rate of AChE activity was then calculated for each time point of measurement using the formula (change in absorbance/min)/(1.36 Â 10 4 ), then normalized to the intra-experiment vehicle-treated control.
Preparation of cells for analytical chemistry experiments
Neuronal cultures were also prepared for analytical chemistry experiments to determine if CPF was converted to CPO in the culture conditions. Cells were extracted and cultured from E18 embryos as described above. Cells were grown for 5-7 days in culture before harvest. Cultured cells, or Neurobasal Media were treated with concentrations of CPF ranging from 0.1 nM to 10 mM, CPO, 0.01 nM to 1.0 m M, or vehicle, for 1 or 24 h at 37 C with 95% oxygen and 5% CO 2 . After 1 or 24 h, treated media was collected and flash frozen on dry ice. Cells were rinsed twice with PBS, then scraped on ice and centrifuged at 13,400g for 1 min at 4 C. Cell pellets were then flash frozen on dry ice. An additional 10 million cells were harvested and pelleted under similar conditions for calibration, along with 100 mL of untreated Neurobasal media.
Analytical chemistry experiments
In the experiments described here, the neuronal cell pellets, the media from the CPF and CPO-exposed cells, as well as media exposed to CPO and CPF without neurons present were also assayed by the LC-MS/MS method described below after 1 and 24 h incubation periods. An additional experiment was conducted to determine if any CPO was present in the CPF crystalline powder obtained from ChemService and listed as 99.5% pure. For this experiment, CPF 1.0 mg/ml was dissolved in acetonitrile and compared to CPO 1.0 mg/ml (also dissolved in acetonitrile) and compared via the LC-MS/MS method described below.
Chemicals and reagents
Diisopropyl ether, LC-MS grade acetonitrile, methanol, water and formic acid were purchased from Sigma-Aldrich (St. Louis, MO).
Instrumentation
An Agilent 1100 binary pump HPLC system (Santa Clara, CA) connected with a Waters Micromass Quattro Micro triple quadrupole mass spectrometer with an ESI source (Milford, MA) was employed for LC-MS/MS analysis. Masslynx 4.0 software by Waters (Beverly, MA) was applied for data processing. A Labconco CentriVap Complete Vacuum Concentrator (Kansas City, MO) was utilized for sample evaporation.
LC-MS/MS conditions
A Zorbax Eclipse XDB-C8 (2.1 Â150 mm, 5 mm) column coupled with a Phenomenex SecurityGuard C-8 guard column (4.0 mm Â 2.0 mm) was applied for separation. The column temperature was maintained at 32 C. The mobile phase A was 0.025% formic acid in water, and mobile phase B was acetonitrile. Analytes were separated using a gradient method, with a 0.3 mL/min flow rate, (time/minute, % mobile phase B): (0, 60), (2, 80), (2.01, 80), (5, 80), (6, 60), (10, 60). The injection volume was 15 mL, and the autosampler injection needle was washed with methanol after each injection. Samples were analyzed by the mass spectrometer in positive ion ESI mode for CPF and CPO, and in negative ion mode for TCP. Nitrogen was used as the desolvation gas at a flow rate of 500 L/h. The desolvation temperature was 500 C and the source temperature was 120 C. Argon was used as the collision gas, and the collision cell pressure was 3.5 Â 10 À3 mbar. For TCP, the capillary voltage was À4 kV and the cone voltage was À22 V. For CPF and CPFO, the parameters were 3.5 kV and 28 V, respectively. The collision energy was 22 eV for CPF and 15 eV for CPO. A multiple reaction monitoring (MRM) function was applied for the detection of CPF and CPO. The ion transitions monitored were 352 ! 200 for CPF and 336 ! 280 for CPO. A selected ion recording (SIR) function for m/z = 198 was applied for the detection of TCP.
Sample preparation
Each 100 mL of cell culture media was extracted with 1.7 mL isopropyl ether. The mixture was vortexed for 10 min, then centrifuged at 7500 Â g, at 5 C for 10 min 1.5 mL of supernatant was transferred and evaporated at 55 C for 10 min to complete dryness in the vacuum concentrator. The sample was reconstituted with 100 mL of acetonitrile, sonicated, vortexed, and centrifuged at 7500 Â g, 5 C for 10 min. Eighty uL supernatant was transferred for injection into the LC-MS/MS system.
A cell pellet (1 million cells) was mixed with 1 mL methanol, vortexed and stored at À80 C for 15 min. The cell lysate was centrifuged at 5 C, 7500 Â g for 10 min, 0.9 mL of supernatant was transferred to a glass tube, mixed with 1 mL of acetonitrile, and evaporated at 55 C for 45 min to complete dryness in the vacuum concentrator. The sample was reconstituted with 100 mL acetonitrile, vortexed, and centrifuged at 7500 Â g, 5 C for 10 min 80 mL of supernatant was transferred for injection into the LC-MS/MS system.
Calibration standards
The primary stock solutions were prepared at 1 mg/ml in acetonitrile for CPF, CPO and TCP, individually. Standard working solutions were obtained by serial dilution with acetonitrile, and their concentrations (ng/mL) for all analytes are in Table 1 . A 10 mL standard working solution was spiked with 90 mL of blank cell culture media or 1 million cells, to make the corresponding calibration standards. Calibration curves were made with peak areas of analytes, with 1/x weighted linear regression. The concentration of each analyte was derived from the corresponding calibration curve.
Statistical analyses
All statistical analyses were performed using SigmaPlot (Systat Software, San Jose, CA) Analysis of variance (ANOVA) was used to compare the concentration-dependent effects of chemical treatments to vehicle-treated controls and the method of Holm-Sidak was used to examine post hoc differences when indicated. Statistical significance was assessed using an alpha level of 0.05. Values depicted in the figures reflect the mean AE s.e.m. The number of independent experiments conducted for each drug evaluation and the number of replicates per drug concentration are indicated in the figure legends.
Results

APPDendra2 transfection and live imaging
Twenty-four hours following transfection, cultured neurons exhibited clear expression of APPDendra2 in the soma and axons (both of which were identified morphologically) (Fig. 1A) . For imaging, individual APPDendra2-labeled MBO's in axons were identified under lower magnification as distinct (green fluorescent) structures with a circular or tubular shaped appearance (see the arrows in Fig. 1A ). At higher magnification (63Â), definitive proximal and distal axonal regions of each axon were identified and corresponding kymographs (see Fig. 1B for a sample) demonstrate that many MBOs were highly mobile, moving in both the anterograde and retrograde directions, while others remained stationary. The arrows in Fig. 1C indicate individual MBOs moving along the axon at various stages in the anterograde and retrograde direction.
Effects of CPF and CPO on cell viability, neuronal morphology and cytoskeletal integrity
The effects of 24 h incubation with CPF or CPO on cell viability across the same range of concentrations that were later evaluated in the axonal transport studies (see Results below) were initially assessed using an MTT assay. As shown in Fig. 2A , at 24 h there were no significant effects of CPF at any of the concentrations that were evaluated. As a secondary method for evaluating the effects of CPF on neuronal cell viability, an assay to measure lactate dehydrogenase (LDH) levels in the media was used. Compared to the control group treated with vehicle only, incubation with CPF did not significantly increase LDH release except at the highest concentration evaluated (10 m M) (Fig. 2C ). As shown in Fig. 2 B in the MTT assay, there were slight, but significant (p < 0.05) impairments in the viability of neurons exposed to the two highest concentrations of CPO that were evaluated (100 and 1000 nM). These two concentrations of CPO were also associated with increased LDH release (Fig. 2D) . Visual (qualitative) analyses of the histological images (actin, DCX, and MAP, see Fig. 2E , F, and G, respectively) and phase contrast images (H) revealed no overt alterations in cellular morphology or structure after 24 h of exposure to CPF (10 m M) or CPO (1.0 m M).
CPF impairs APP axonal transport
The results of the video and kymograph analyses of CPF on axonal transport of APP-labeled MBOs are provided in Fig. 3 and Table 2 . After 24 h of exposure to CPF, there was a significant (p 0.05) decrease in the velocity of APP transport in the anterograde direction associated with the three higher concentrations (100 nM-10 mM) that were evaluated (Fig. 3A) .
The reduction in velocity was accompanied by a similar concentration-dependent decrease in the overall percentage of MBOs moving in the anterograde direction (Fig. 3C ) and an increase in the frequency of pauses (Table 2) . Only the highest concentration of CPF (10 m M) was associated with a decrease in velocity of MBOs moving in the retrograde direction (Fig. 3.B) and no concentration of CPF affected the overall percentage of APP particles moving in the retrograde direction (Fig. 3D) . Interestingly, there was robust, concentration-dependent increase in the percentage of stationary MBOs (Fig. 3E ) associated with CPF (i.e., 5 of the 6 concentrations evaluated were associated with an increase). The insets below Fig. 3A and 3 percentage of particles moved at a velocity of approximately 0.8 m m/sec, and this percentage did not appear to be altered by CPF 100 nM. There were no other CPF-related alterations observed in the video analyses which included the number of MBOs/mm, percent of reversals (MBOs changing direction), or in the pause durations (Table 2) .
CPO impairs APP axonal transport
The results of the video and kymograph analyses of CPO on axonal transport of APP-labeled MBOs are provided in Fig. 4 and Table 2 . After 24 h of exposure to CPO, there was a concentrationdependent decrease in the velocity of APP transport in both the anterograde and retrograde direction (Fig. 4A and 4 B respectively) and there was an increase in the frequency of pauses (Table 2) . While concentrations of CPO as low as 0.1 nM resulted in $20% decrease MBO velocity in the anterograde direction (Fig. 4A) , the threshold for decreases in velocity in the retrograde direction was 10 nM (Fig. 4B ). Exposure to several concentrations of CPO also resulted in a decrease in the overall percentage of particles moving in the anterograde (but not retrograde) direction (Fig. 4C and D respectively), and an increase in the overall percentage of stationary particles (Fig. 4E) . The insets below (Table 2) .
Muscarinic and nicotinic antagonists do not affect CPF or CPOrelated impairments in APP axonal transport
Additional experiments were conducted to determine if either the muscarinic acetylcholine receptor antagonist atropine or the nicotinic acetylcholine receptor antagonist mecamylamine would affect the CPF or CPO-related impairments of axonal transport. Here a representative dose of CPF (100 nM) and CPO (1.0 nM) that was previously shown to inhibit anterograde axonal transport without affecting cell viability (in any of viability assessments) was evaluated in the absence or presence of cholinergic receptor antagonists. The results of these experiments are illustrated in Fig. 5 . The histograms on the left of Fig. 5A indicate that neither atropine nor mecamylamine (when administered alone) affected anterograde axonal transport when compared to vehicle control. The histograms in the middle and to the right of Fig. 5A show that the selected concentrations of CPF and CPO clearly impaired anterograde axonal transport and that these deficits persisted in the presence of either atropine or mecamylamine. Fig. 5 B illustrates the effects of the compounds and combinations on retrograde axonal transport. Neither atropine nor mecamylamine (when administered alone) significantly affected retrograde axonal transport when compared to vehicle control (left portion of Fig5B). CPF (100 nM) was associated with modest, but statistically insignificant, impairments in retrograde axonal transport (an effect that was not altered by the cholinergic antagonists), and CPO 1.0 nM impaired retrograde transport, an effect that appeared to be reversed by atropine, but not mecamylamine.
Effects of CPF and CPO on AChE activity
The effects of CPF and CPO on AChE activity in vitro are shown in Fig. 6 . In Fig. 6A , the results of 24 h of exposure to CPF on neuronal cell lysates across the range of concentrations evaluated in the axonal transport studies indicate that the IC 50 was greater than 10 m M and that the threshold for significant inhibition was likely around 1 m M. For comparison purposes, we also evaluated a wide range of concentrations of CPF in a well-established assay in our laboratory using purified eel AChE. Here (Fig. 6B ) the IC 50 for CPF was also was greater than 10 m M. In Fig. 6C , the results of 24 h of exposure to CPO on neuronal cell lysates across the range of concentrations evaluated in the axonal transport studies indicate that the IC 50 was approximately 26 nM. Similarly, in the purified eel AChE preparation, the IC 50 was approximately 10 nM. In both preparations, the threshold for significant inhibition appeared to be approximately 1.0 nM.
Conversion of CPF to CPO in culture
The final series of experiments were designed to determine if CPF conversion to CPO occurred in the cultures, thus indirectly contributing to the impairments of axonal transported described above. The results of these experiments are presented in Table 3 . While the entire range of CPF concentrations that were tested in the axonal transport studies were also evaluated in the analytical experiments (0.1 nM to 10 m M), only concentrations of 100 nM and above were associated with quantifiable levels of CPF or its metabolites in the cultured neurons or media after 1 or 24 h incubations. As indicated in Table 3 , the CPF metabolites CPO and TCP were only detected in the media from CPF treated neurons (or from CPF-treated media without neurons present) after exposure to the highest (10 m M) concentration of CPF. In the case of the CPFtreated neurons very low (but quantifiable) levels of CPO were detected in association with 1.0 and 10.0 m M CPF while TCP was only detected in association with 10.0 m M CPF. CPO and TCP were not detected in cells or media after CPO was added (after 1 or 24 h incubations). In the assessment of the CPO 1.0 mg/ml solution prepared from the CPF crystalline power that was used for making solutions for the culture experiments, the amount of CPO detected was approximately 0.05%.
Discussion
The major findings of this study can be summarized as follows: 1) 24 h of exposure to the insecticide CPF or its oxon metabolite CPO resulted in a concentration-dependent decrease in the anterograde and (to a lesser extent) retrograde transport of MBOs in cortical axons from rats, 2) In some cases, the neuronal changes occurred at concentrations of CPF and CPO that did not significantly inhibit AChE activity, were below the threshold for neurotoxicity (as would be suggested by comprised cell viability or evidence of cytoskeletal damage), and they were not blocked by cholinergic receptor antagonists. The later observation further supports the argument that the CPF and CPO effects on axonal transport may not be directly related to AChE inhibition and the consequent elevations in synaptic levels of acetylcholine, since atropine and mecamylamine antagonize all known muscarinic and nicotinic receptor subtypes, respectively (see Wang et al., 2004; Lippiello et al., 2008) . 3) Finally, the impairments in axonal transport associated with CPF did not appear to be a result of its conversion to CPO in significant amounts in the culture conditions, although CPO was detectable after exposures to the highest concentrations of CPF.
In some cases in the concentration-response analyses, the effect of the OPs at increasing the number of stationary MBOs appeared to occur at a different threshold concentration than the effects on velocity. While the basis of this effect is unclear, it could be explained by the fact that the OPs have at least some effect on both anterograde and retrograde directional movements (i.e., effects that could, collectively, contribute to the total number of stationary vesicles). Here it is also important to note that, as shown in the segmental velocity analysis, a range of velocities can account for the mean, thus a slowing of velocity from essentially a mild effect to zero (a stationary MBO) would not necessarily be clearly reflected in a histogram representation of means.
The velocity of APP labeled MBO movements in cortical axons observed in this study under control conditions, $0.4-2.0 mm/s in the anterograde, and $0.4-1.5 mm/s in retrograde direction, fit well within the range (0.5-3.0 mm/s) that is generally considered as "fast axonal transport" (see review, Maday et al., 2014) . APP has been documented in a number of previous studies to travel in neurons by fast axonal transport (Koo et al., 1990; Sisodia et al., 1993) in a process that is dependent on conventional kinesin (Amaratunga et al., 1993; Ferreira et al., 1993; Buxbaum et al., 1998) . In fact, APP-positive vesicles are considered a canonical cargo of kinesin-1 motors (Kamal et al., 2000) transported primarily in the anterograde direction, although rapid retrograde motility has been observed (Falzone et al., 2009; Kaether et al., 2000) as we also report. The effects of the CPF oxon on anterograde axonal transport were similar to the results with DFP obtained in our previous study (Gao et al., 2016) . These data indicate that organophosphorus compounds with considerably different chemical structures (alkylphosphate versus the oxon metabolite of a phosphorothioate) can exhibit quite similar profiles of fast, anterograde axonal transport impairments across a comparable range of low concentrations. While the molecular mechanisms underlying the effects of CPF and CPO on axonal transport were not addressed in this study, previously published experiments would appear to implicate cytoskeletal proteins (e.g., tubulin) and/or motor proteins (e.g., kinesin) as potential targets of these OPs. For example, (utilizing a spectrophotometric method), demonstrated that CPO inhibited the polymerization of tubulin, and (utilizing organotypic slice cultures of rodent brain and histological methods) caused a marked decrease in the concentration of microtubule associated protein-2. Moreover, Lockridge and colleagues (utilizing atomic force microscopy), observed that CPO disrupted tubulin polymerization and further (utilizing mass spectrometry), that CPO covalently binds to tubulin, an effect that may explain the disruptions in tubulin polymerization Jiang et al., 2010) . In the later study cited above (Jiang et al., 2010) , CPO-labeled tubulin was found in the brains of mice (ex vivo) after repeated injections with CPF at a relatively low dose (3.0 mg/kg) that had only modest (statistically insignificant) effects on plasma AChE. Tubulin has also been identified as a target of DFP to affect microtubule dynamics and axonal transport. Specifically, DFP was recently shown to decrease tubulin acetylation to impair the axonal movements of mitochondria in both cultured rodent and human derived neurons. The effect of DFP was exacerbated by corticosterone or cortisol, in rat and human neurons, respectively (to mimic stress), and these negative effects were attenuated by tubacin, a drug that inhibits HDAC6, the tubulin deacetylase (Rao et al., 2017) . The hypothesis that CPF, CPO and other OPs negatively affect kinesin-driven axonal transport is supported by the results of in vitro microtubule motility assays conducted in our laboratory where an increase in the number of locomoting microtubules that detached from kinesin-coated glass was observed when kinesin was preincubated with CPF, CPO, or DFP . These data suggested that OPs might covalently modify kinesin and disrupt kinesin-microtubule interactions that are necessary for anterograde axonal transport. This hypothesis is supported by the study where covalent binding of FP-biotin (a biotin-tagged OP) to tyrosine in the human kinesin 3C motor domain was demonstrated.
Retrograde axonal transport was also impaired by CPF and CPO (albeit most evident at the higher concentrations that were evaluated) in the current study, indicating that in addition to kinesin, the retrograde motor protein dynein might also be affected by these OPs. To our knowledge, no studies have directly studied the effects of OPs on dynein-based retrograde axonal transport to date. Here it should be noted that, as opposed to our previous study with DFP (where concentrations as low as 0.1 nM impaired retrograde axonal transport), in the current study only the highest concentration of CPF (10 m M) and the three higher concentrations of CPO (ranging from 10 nM-1.0 m M) impaired retrograde axonal transport in the concentration-effect analyses. Here it is important to note that in the subsequent antagonist-reversal studies, we did detect impairments in retrograde impairments associated with the 1.0 nM concentration of CPO, indicating that this concentration may be at the threshold for impairment. These findings would appear to suggest that there may be some differences in how OPs of different structural classes affect dynein and/or other proteins that affect retrograde axonal transport (e.g., microtubule-binding proteins such as dynactin).
Alternative (or perhaps complimentary) targets of CPF and CPO that could contribute to our observations of axonal transport deficits are the variety protein kinases that are known to regulate axonal transport through direct phosphorylation of motors, adapter proteins, and cargoes. Among their variety of functions, several kinases are now known to regulate the transport of APP in axons and they include Akt, Erk1/2, GSK3b, and JNK (see review, Gibbs et al., 2015) . As an important example, Erk1/2 phosphorylation of kinesin light chain-1 (KLC1) at Ser460 prevents binding of the motor to APP vesicles leading to a decrease in their anterograde transport (Vagnoniet al. 2011 (Vagnoniet al. , 2012 . The serine/threonine kinase Akt has been shown to regulate the directionality of fast axonal transport of APP through phosphorylation of the adapter protein htt (Colin et al., 2008) . Our observations that the OPs did not affect the number of MBOs that reversed direction might argue that Akt levels (or kinase activity) were not markedly altered by these OPs at the concentrations that were evaluated.
Other potential mechanisms of the OP-related impairments include metabolic factors (e.g., superoxide formation and oxidative stress), and synthesis and packaging of APP. In our previous study of the effects of CPF and CPO in culture (using a similar range of concentrations) on mitochondrial transport and dynamics (Middlemore-Risher et al., 2011) we did not see any evidence of significant elevations in superoxide levels. Moreover, the observations in the current study that there were no alterations in the number of APP-containing MBOs per mm would argue against OPrelated alterations in APP synthesis or packaging in vesicles.
Our previous observations of CPF and CPO-related impairments of mitochondrial movements (Middlemore-Risher et al., 2011) could also contribute to the impairments of APP (MBOs) transport observed in this study. Fast axonal transport of cargos moving along cytoskeletal networks is an ATP-dependent process that relies on proper mitochondrial placement. Without the appropriate placement of mitochondria, ATP availability and buffering of intracellular calcium is compromised, resulting in the impairment of a variety of processes (including axonal transport) Reynolds, 2006a, 2006b ).
As noted above, the final phase of experiments conducted in this study were designed to determine if the effects of CPF on axonal transport might have occurred indirectly as a result of the conversion of CPF to CPO by the cultured neurons and/or the culture media. In mammals, (primarily in the liver), the conversion of CPF to CPO occurs as a result of the oxidative desulfuration of CPF, a reaction catalyzed by cytochrome P-450 (CYP) enzymes. However, most CYP subfamilies are also present in the brain and they can metabolize molecules of exogenous origin (albeit at a much lower rate) (see Miksys and Tyndale, 2002 for review) . While our cultures conditions (using Neurobasal TM media) were developed to minimize the proliferation of glial cells, some glia were always present and, importantly, both neurons and glia are known to express CYP enzymes. The induction of CYPs in glial cells by xenobiotics is thought play a role in protecting neurons from environmental insults (see Tripathi et al., 2013) , however, in the context of this study, the potential CYP-related conversion of CPF to CPO by glia cells would not likely be protective. Thus, an interesting question (for potential future study) is whether the deleterious effects of CPF observed in the current study would be higher or lower in pure neuronal cultures. The conversion of CPF to CPO has also been demonstrated in chlorinated tap water (see Wu and Laird, 2003) , thus given the variety of electrolytes present in our culture media, this was a concern. Despite the concerns discussed above about CPF metabolism or degradation, the results indicated that CPO and TCP were only detected in association with the highest (mM) concentrations of CPF that were added to the culture media (either when neuron/glia were present or absent). Given that CPF altered anterograde axonal transport at concentrations as low as 100 nM, these effects seem unlikely to be fully explained by conversion of CPF to CPO or TCP in culture. However, there are some limitations to this interpretation that should be considered. As indicated in Table 3 , the levels of CPF detected in the media after one hour were significantly lower than the molar concentrations added (i.e., decreased by approximately 33-52%) and they were further reduced at 24 h (i.e., decreased by approximately 80-88%). The source of this decrease in concentration is unclear, it is possible that CPF may have adsorbed to the plastic or was potentially volatilized. Moreover, CPO is known to spontaneously decompose in aqueous media relatively rapidly (see Kaushik et al., 2007) making its accurate quantitation from cultures difficult, especially over long incubation times.
In conclusion, the results of the experiments described in this study support the argument that CPF-related impairments of fast anterograde axonal transport could be a contributing factor to a variety of deleterious effects that have been attributed to this OP. The transport of organelles and macromolecules (e.g., mitochondria, receptor proteins, growth factors) from the cell body toward synaptic terminals is essential both during the development of post-mitotic neurons as well as for the normal maintenance and function of developed neurons (reviewed, Duncan and Goldstein 2006; Maday et al., 2014) . While this study was conducted in embryonic neurons in culture and, thus, most relevant to the reported neurodevelopmental effects of CPF, our afformentioned findings of CPF-related axonal transport deficits in adult rats (ex vivo and in vivo, see Terry et al., 2007; Hernandez et al., 2015) suggest that this effect may occur irrespective of age. These observations could, therefore, have important ramifications for environmental exposures to OPs in agriculture as well as diseases such as gulf war illness (GWI), where exposures to OP-based insecticides and nerve agent-OPs (following the destruction of an Iraqi munitions storage complex at Khamisiyah, Iraq, in March 1991) have been implicated (RAC, 2014) . Moreover, there is a small but growing body of literature to suggest that OP exposure may even represent a potential risk factor for Alzheimer's disease (AD) and other neurodegenerative disorders (Hancock et al., 2008; Hayden et al., 2010; Zaganas et al., 2013) . Interestingly, impairments in axonal transport have been implicated in the pathology of AD as well as a wide variety of other neurological illnesses (see Stokin and Goldstein (2006) for review).
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